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THE DEPOLARIZATION OF THE 〉-CELL PLASMA MEMBRANE by a high extracellular K ϩ concentration is a widely used experimental tool to stimulate insulin secretion. It is generally recognized that K ϩ depolarization acts at the last few steps of stimulus-secretion coupling; i.e., it opens voltage-dependent Ca 2ϩ channels and thus promotes the exocytosis of secretion-ready insulin granules (28) . The K ϩ depolarization is a function of the Nernst equilibrium and can be calculated by the Goldman-Hodgkin-Katz equation (1, 15) . It has been suggested that 30 mM K ϩ is the concentration that best mimics the glucose-induced changes of the membrane potential (1) . Although 30 and 40 mM K ϩ are most often used (29, 35) , K ϩ concentrations as high as 60 or even 70 mM are not uncommon (6, 19, 36) . The K ϩ depolarization is intended to serve as a substitute for the depolarization following K ATP channel closure, which is the indispensable triggering signal for the initiation of stimulated insulin secretion (16) . Nutrient secretagogues, but not K ATP channel blockers, generate additional signals circumventing plasma membrane depolarization, which appear to determine the magnitude of the secretion and are summarily called amplifying pathways (16) . However, there is a remarkable difference between the depolarization by K ϩ and K ATP channel closure, namely the absence of action potentials in the former case (1) . In pancreatic ␤-cells, action potentials reflect the activity of voltage-dependent Ca 2ϩ channels (9, 20) , but in view of the persistent large increase in the free cytosolic calcium concentration ([Ca 2ϩ ] i ) during depolarization by 40 mM K ϩ (15) , the absence of action potentials during K ϩ depolarization is unlikely to be due to a lack of Ca 2ϩ channel activity. Possibly, the Ca 2ϩ influx becomes electrically balanced by the efflux of positive charge via the open K ϩ channels (38) . Action potentials are regarded to have a signaling role per se in exocytosis (5, 13) , but parameters of action potential spiking were shown to be separable from the insulin secretory response (37) .
Our recent observation that 15 mM K ϩ , despite its clear depolarizing (20 mV) and [Ca 2ϩ ] i -increasing effect, was nearly ineffective to stimulate insulin secretion in the presence of a basal glucose concentration (5 mM), very much unlike the rapid and strong stimulation by 40 mM K ϩ (15) , prompted us to more thoroughly characterize the insulinotropic mechanisms of K ϩ depolarization. When we characterized the concentration dependency of K ϩ depolarization, we found a timedependent progressive loss of the insulinotropic effect. This loss depended on the K ϩ concentration, as did the initial peak value of the stimulated secretion. So we sought to answer the following questions. 1) Is the loss of the insulinotropic effect due to hyperosmolarity, and can it be prevented by a compensatory reduction of the Na ϩ concentration? 2) Does a prolonged K ϩ depolarization affect the response to a subsequent glucose stimulus? 3) Can sulfonylureas substitute for glucose under this condition?
MATERIALS AND METHODS
Chemicals. Tolbutamide was obtained from Serva (Heidelberg, Germany) and Fura PE3-AM from TEF Labs (Austin, TX). Collagenase NB8 was purchased from Nordmark (Uetersen, Germany), collagen (type I), choline citrate, and potassium citrate were purchased from Sigma (Taufkirchen, Germany), and cell culture medium RPMI 1640 and fetal calf serum were purchased from Gibco-Invitrogen (Karlsruhe, Germany). ATP was determined by use of a luciferase luminescence kit (Sigma). All other reagents of analytical grade were from E. Merck (Darmstadt, Germany).
Tissue and cell culture. Islets were isolated from the pancreas of NMRI mice by a collagenase digestion technique and hand-picked under a stereomicroscope. Single cells were obtained by incubation of the islets for 10 min in a Ca 2ϩ -free medium and subsequent vortex mixing for 1 min. Islets and single islet cells were cultured in cell culture medium RPMI-1640 with 10% fetal calf serum (10 mM glucose until attachment, 5 mM glucose thereafter) in a humidified atmosphere of 95% air and 5% CO 2 at 37°C and were used within 3 days.
Measurement of insulin secretion. Batches of 50 NMRI mouse islets were introduced into a purpose-made perifusion chamber (37°C) and perifused with HEPES-buffered Krebs-Ringer medium with 2 mg/ml bovine serum albumin saturated with 95% O2 and 5% CO2, which contained the respective secretagogue. The insulin content in the fractionated efflux was determined by ELISA (Mercodia, Uppsala, Sweden).
Electrophysiological recordings. The membrane potential of single ␤-cell was measured by the perforated patch configuration (14, 33) . Pipettes were pulled from borosilicate glass (2 mm od, 1.4 mm id) by a two-stage vertical puller (List Electronic, Darmstadt, Germany) and had resistances between 3 and 6 M⍀ when filled with solution. The compositions of the bath and pipette media were as given by Zünkler et al. (43) . Currents and voltages were recorded by an EPC 7 patch clamp amplifier (HEKA, Lambrecht, Germany) and low pass-filtered by a four-pole Bessel filter at 2 kHz and stored on a videotape. Exposure was done by slow bath perfusion system, mimicking the conditions of the secretion measurements. Experiments were normally performed at room temperature (20 -22°C). Data were analyzed offline using pClamp 6.03 software (Axon Instruments, Foster City, CA).
Microfluorimetric measurements of the cytosolic [Ca 2ϩ ]i. Intact islets from NMRI mice were cultured on collagen-coated glass coverslips in Petri dishes and were used from days 3 to 5 after isolation. Fura PE3-AM was loaded at a concentration of 2 M for 45 min at 37°C. The coverslip with the attached islet was inserted in a purposemade perifusion chamber (35°C) on the stage of an epifluorescence microscope equipped with a thermostated objective (Zeiss Fluar ϫ40, 1.3 NA). The islet was perifused with a HEPES-buffered KrebsRinger medium, which was saturated with 95% O 2 and 5% CO2. The fluorescence (excitation at 340 or 380 nm, emission Ͼ470 nm) was recorded by a slow-scan charge-coupled device (CCD) camera (TILL Photonics, Gräfelfing, Germany). In some experiments, [Ca 2ϩ ]i and insulin secretion were determined simultaneously. To this end, three freshly isolated islets loaded with Fura PE3-AM were inserted in a purpose-made thermostated chamber (37°C), and the fluorescence was excited as above. The emission was collected with a long-distance Zeiss Fluar objective (ϫ10, 0.5 NA) and registered with a cooled CCD camera (Pursuit; Diagnostics Instruments, Sterling Heights, MI). The insulin content of the fractionated effluate was determined by an ultrasensitive ELISA (Mercodia, Uppsala, Sweden).
Potentiometric measurements of the extracellular Ca 2ϩ concentration. A Ca 2ϩ ion-selective electrode (calcium combination electrode CA 60; Schott, Mainz, Germany) was used according to the manufacturer's instructions. The calibration yielded a linear response of 27.5 mV per decade in the range of 0.5 to 50 mM Ca 2ϩ . Islet content of adenine nucleotides. Fifteen freshly isolated islets were statically incubated to mimic perifusion conditions. Thereafter, proteins were precipitated and the adenine nucleotides extracted as described (15) . ATP was determined by use of the luciferase method. The ADP content of the extract was converted into ATP by the pyruvate kinase reaction, the difference between both measurements yielding the net ADP content.
Statistics. All statistical calculations were performed using Graphpad Prism 4 software (GraphPad, La Jolla, CA). If not stated otherwise, the unpaired two-tailed Student's t-test was used, regarding P Ͻ 0.05 as significant. (Fig. 1) . After the initial 10-min period, qualitative differences occurred. Whereas the modest secretion elicited by 15 mM K ϩ returned to a prestimulatory value, a second phase-like slow increase could be observed with 22.5 mM K ϩ . With 31.5 mM K ϩ a strongly elevated level of secretion was maintained after the initial overshooting response, whereas the peak secretion by 40 mM K ϩ was followed by a continuous decrease. Thus the rates of secretion at the end of the 30-min exposure to high K ϩ corresponded to 117 (22.5 mM K ϩ ), 71 (31.5 mM K ϩ ), and 41% (40 mM K ϩ ) of the respective peak values (Fig. 1) .
RESULTS

Concentration
In principle, this pattern continued when the glucose concentration was raised from 5 to 10 mM (Fig. 1) . In the presence of 22.5 mM K ϩ a significant further increase in secretion was noted (P ϭ 0.002; t-test for the difference between the secretion rate immediately before the addition of glucose and the last time point before washout), whereas in the presence of 31.5 mM K ϩ a plateau was maintained and in that of 40 mM K ϩ the decline continued after a transient increase (differences not significant). At the end of the glucose perifusion (min 120), the secretion rate in the presence of 22.5 mM K ϩ was significantly higher than in the presence of 40 mM K ϩ (P ϭ 0.008; t-test). Again, the effect of 15 mM K ϩ was exceptional in that 10 mM glucose resulted in a brisk first phase-like response, whereas higher K ϩ concentrations made the response to glucose delayed and sluggish (Fig. 1) .
Inhibition of sulfonylurea stimulation of insulin secretion by high but not low KCl concentration. In these experiments, 50 or 500 M tolbutamide was added to the perifusion medium instead of the glucose concentration being raised from 5 to 10 mM. In the presence of 40 mM K ϩ neither 50 nor 500 M tolbutamide was able to increase the secretion ( Fig. 2A) . In contrast to glucose (Fig. 1) , there was not even a transient increase before the steady decline continued. Remarkably, a transient increase in secretion occurred after washout of the high K ϩ concentration. In the presence of 500 M this increase was about threefold larger than in the presence of 50 M tolbutamide ( Fig. 2A) . As in the preceding experiments, 15 mM K ϩ had only a very modest transient effect on insulin secretion. Addition of 50 M tolbutamide induced a fast response, with a first phase-like peak during the initial 10 min (Fig. 2B) . The response to 500 M had the same kinetics but was 2.7-fold higher (Fig. 2B) .
Role of hyperosmolarity and Na ϩ concentration in the inhibitory effect of 40 mM KCl. To check for a role of the increased osmolarity during perifusion with 40 mM KCl, the NaCl concentration was concomitantly decreased by 35 mM. The peak value of the initial secretory response was not affected significantly, but instead of the continuous decline of secretion a plateau was established (Fig. 3A) . Ten millimolars glucose led to a clear increase in secretion, and at the end of the combined presence of 10 mM glucose and 40 mM K ϩ the secretion rate was nearly as high as during the initial response peak ( Fig. 3A ; compare with Fig. 1 ). To explore the mechanism underlying the preserved glucose response, the Na ϩ -reduced medium was made hyperosmolar by the addition of either 35 mM choline chloride (choline serving as a non-permeable cation) or 70 mM mannitol (mannitol serving as a non-permeable compound of low ionic strength). The initial response to 40 mM K ϩ was practically unchanged, and again, a marked increase in insulin secretion could be observed when the glucose concentration was raised from 5 to 10 mM (Fig. 3 , B and C). Apparently, hyperosmolarity as such is not the reason why 40 mM KCl exerts an inhibitory effect on glucose stimulation.
It was then tested whether the effect of Na ϩ reduction was specific for nutrient secretagogues by using 500 M tolbutamide. Again, the continuous decline of secretion after the initial peak was abolished by Na ϩ reduction, but there was no clear-cut further increase of secretion by the addition of tolbutamide (Fig. 3A, open circles) . The lack of effect of tolbut- Fig. 3 . Insulinotropic effect of an increase in K ϩ (40 mM) on insulin secretion of perifused islets in the presence of a compensatory reduced Na ϩ concentration (105 mM). Freshly isolated islets were perifused with Krebs-Ringer medium containing 5 mM glucose for 90 min, and then the glucose concentration was raised to 10 mM for another 50 min (). Alternatively, 500 M tolbutamide was added instead of the glucose concentration being raised (OE). From 60 to 120 min the medium contained either 40 mM K ϩ and 105 mM Na amide was obvious when mannitol was used to establish hyperosmolarity ( Fig. 3C , open circles). In the presence of choline chloride, not only was tolbutamide without insulinotropic effect, but rather, the same K ϩ -induced decrease in secretion down to basal levels occurred as seen without Na ϩ reduction (Fig. 3B , open circles; compare with Fig. 2A ). Also, a marked transient increase of secretion occurred upon washout of the high K ϩ concentration, again similar to the situation without Na ϩ reduction. In the presence of choline chloride the decline of secretion started after 15 min of exposure to 40 mM K ϩ , but in contrast to tolbutamide, 10 mM glucose was able to overcome this progressively increasing inhibition (compare closed and open circles in Fig. 3B ). Thus, this condition showed the most marked difference between the effects of glucose and tolbutamide and was therefore chosen for more detailed characterization (see below).
Different effects of 15 and 40 mM KCl on the depolarization by 10 mM glucose. To explore the mechanism underlying the progressive inhibition of secretion by 40 mM KCl vs. the enhancement by 15 mM KCl, the plasma membrane potential was measured. In the presence of 5 mM glucose, the resting membrane potential was Ϫ63.7 Ϯ 0.7 mV (n ϭ 9); 15 mM K ϩ depolarized by Ϸ20 mV and 40 mM K ϩ by Ϸ40 mV (Fig. 4) . Raising the glucose concentration to 10 mM led to a further increase of the plateau depolarization and the occurrence of action potentials (18.3 Ϯ 2.7 mV amplitude) in the presence of 15 mM K ϩ but not 40 mM K ϩ (Fig. 4) . After exposure to 15 mM KCl, return to physiological K ϩ in the presence of 10 mM glucose led to a transient decrease in action potential frequency, occasionally also a partial repolarization; thereafter, action potential spiking resumed with slightly increased amplitude (Fig. 4) . In marked contrast, washout of 40 mM KCl in the presence of 10 mM glucose led to a complete repolarization that lasted for several minutes, followed by action potential spiking superimposed on a plateau depolarization abruptly set in (Fig. 4) . Apparently, 40 mM KCl interferes with the depolarization mechanisms of a stimulatory glucose concentration. (Fig. 5) . The reduction of the Na ϩ concentration as such had a modest effect on the steady state (depolarization by 41.2 Ϯ 1.5 vs. 42.6 Ϯ 0.5 mV). In the Na ϩ -reduced medium, both glucose (1.97 Ϯ 1.01 mV; n ϭ 6) and tolbutamide (1.66 Ϯ 0.48 mV; n ϭ 5) had a small, depolarizing effect on top of the depolarization exerted by 40 mM K ϩ (Fig. 5, A and B) . This increase was significant for tolbutamide (P ϭ 0.009) but only marginally significant for 10 mM glucose (P ϭ 0.07). However, this additional depolarization did not transduce into an increase in [Ca 2ϩ ] i . Rather, there was even a transient decrease in [Ca 2ϩ ] i when glucose was raised, whereas the addition of tolbutamide did not appreciably affect the mean values (Fig. 6C) .
Depolarization pattern in a KR
Depolarization pattern in a KR medium with a reduced Na ϩ concentration supplemented with choline chloride. When the increase in the K ϩ concentration to 40 mM was accompanied by a compensatory reduction of the Na ϩ concentration, the additional presence of 35 mM choline Cl (to reestablish the hyperosmolar condition) resulted in a clear inhibition of insulin secretion that could be overcome by 10 mM glucose but not by 500 M tolbutamide (see above; ϩ (by 5.1 Ϯ 1.7 mV, P ϭ 0.02), whereas 500 M tolbutamide produced no significant increase (4.8 Ϯ 3.2 mV, P ϭ 0.2). The return to the physiological K ϩ concentration led to a repolarization, which was initially (1st 8 -10 min) more extensive in the presence of glucose (39.7 Ϯ 2.2 mV, P Ͻ 0.001) than of tolbutamide (23.1 Ϯ 5.1 mV, P ϭ 0.004). Because of this, action potential spiking reappeared immediately in the presence of tolbutamide but only after lag time in the presence of 10 mM glucose.
Increase in [Ca 2ϩ ] i by 40 mM KCl and effects of 10 mM glucose or 500 M tolbutamide. Raising the K ϩ concentration to 40 mM led to a fast and strong increase in [Ca 2ϩ ] i that remained essentially unchanged as long as the depolarizing K ϩ concentration was present (Fig. 6A) . The increased levels of [Ca 2ϩ ] i remained essentially unchanged when glucose was raised to 10 mM or when 500 M tolbutamide was added. The major difference was a partial decrease in [Ca 2ϩ ] i in the presence of glucose but not tolbutamide upon washout of high K ϩ . A complete return to prestimulatory Fura ratio values after depolarization by 40 mM K ϩ was observed when the normal K ϩ concentration was reached by a stepwise reduction but not when it was immediately preceded by 40 mM K ϩ (Fig. 6B) was not higher than that produced by 500 M tolbutamide. In both cases, washout of high K ϩ led to a partial decrease in [Ca 2ϩ ] i (Fig. 6C) . To decide whether the reduction of NaCl had any influence on the [Ca 2ϩ ] i increase by 40 mM KCl, the immediate effect of changing the medium composition was measured. Performed during exposure to 40 mM KCl, this maneuver led to a transient elevation for ϳ10 min above the elevated [Ca 2ϩ ] i levels established by the KCl depolarization (Fig. 6D) .
Adenine nucleotide content during K ϩ depolarization in a KR medium with a reduced Na ϩ concentration supplemented with choline chloride. The remarkable difference between the insulinotropic effects of 10 mM glucose and 500 M tolbutamide was then investigated by measuring the adenine nucleotide content at three different time points, as indicated by the arrows in Fig. 3B . The first was after 10 min of exposure to 40 mM K ϩ , the second after 30 min of exposure, i.e., immediately before the increase in glucose or the addition of tolbutamide, and the third after 10 min of exposure to either of these stimuli. The ATP and ADP contents did not change from the first to the second time point (Fig. 7) . However, 10 mM glucose caused a significant increase in the ATP content (from 10.5 to 13.3 pmol/islet), and in consequence, the ATP/ADP ratio (ϩ44%). Tolbutamide caused only a slight, nonsignificant increase in the ATP/ADP ratio (ϩ15%).
Complexation of extracellular Ca 2ϩ attenuates the progressive inhibition caused by the strong (40 mM) K ϩ depolarization. Theoretically, the continuous, tolbutamide-resistant decrease in secretion when the addition of 40 mM KCl was not compensated for by NaCl reduction (Fig. 2A) or when choline chloride was present (Fig. 3B) could be due to the elevated chloride concentration of the medium. Thus, depolarizing KR media with 40 mM K ϩ but with an unchanged Cl Ϫ concentration were created by using K ϩ citrate and choline citrate, resulting in a citrate concentration of ϳ12 mM in both cases. ϩ on the ␤-cell plasma membrane potential in the presence of a compensatory reduced Na ϩ concentration (105 mM). A: after the resting membrane potential was established, ␤-cells were exposed to 40 mM KCl with concomitant reduction of the NaCl content. When a steady-state depolarization was established, the glucose concentration was raised from 5 to 10 mM (top trace) or 500 M tolbutamide was added (bottom trace). Then, KCl was washed out in the continuous presence of 10 mM glucose or tolbutamide. Original registrations are representative of 5 or 6 experiments each. B: values are means Ϯ SE of 5 or 6 experiments for the conditions as indicated by the numbers in A. There was only a minimal further depolarization of Ͻ2 mV by raising the glucose concentration or by adding tolbutamide in the continued presence of 40 mM K ϩ . C: after the resting membrane potential was established, ␤-cells were exposed to 40 mM KCl. In these experiments the concomitant reduction of the NaCl content was offset by addition of choline chloride. When a steady-state depolarization was established, the glucose concentration was raised from 5 to 10 mM (top trace) or 500 M tolbutamide was added (bottom trace). In fact, in both cases the decline toward basal secretion level was halted, and tolbutamide produced even a transient increase in secretion (Fig. 8, A and C) . However, the measurement of [Ca 2ϩ ] i showed that the steady-state elevation was much lower than the initial peak value (Fig. 8, B and D) , whereas the steady state was only slightly below the initial peak value when 40 mM KCl was added without any correction or when NaCl was reduced (Fig. 6, A-D) . The acute exposure to the citratecontaining media during depolarization by 40 mM K ϩ confirmed that they strongly reduced the elevated [Ca 2ϩ ] i (data not shown). Measuring the Ca 2ϩ concentration in the fractionated efflux after islet perifusion showed that switching to the citratecontaining media reduced the free extracellular Ca 2ϩ concentration from 2.5 to ϳ0.2 mM within 4 min (Fig. 8, B and D) . Washout of citrate led to a regain within 10 min. Essentially the same observation was made when the Ca 2ϩ complexation was performed with 2.3 mM EGTA, which gave a free Ca 2ϩ concentration of 0.15 mM in the KR medium (Fig. 8, E and F) .
Remarkably, under all of these conditions the initial peak of secretion was only minimally affected; only when the extracellular Ca 2ϩ concentration was lowered down to 10 M was it markedly diminished (data not shown).
DISCUSSION
The present investigation demonstrates that the seemingly simple K ϩ depolarization, a widely used experimental tool in research on insulin secretion, not only stimulates insulin secretion but also inhibits it. Three things seem to be responsible for the fact that the inhibitory effect is not easily remarkable: 1) the inhibition develops more slowly than the stimulation, 2) the inhibition is also concentration dependent but right-shifted compared with the stimulation, and 3) the balance between stimulation and inhibition depends not only on the K ϩ concentration but also on the concentration of other electrolytes. Thus, the insulin secretion by K ϩ depolarization has not only quantitatively but also qualitatively different characteristics, depending on the K ϩ concentration. The virtual inability of 15 mM K ϩ to increase secretion in the presence of basal glucose confirms our recent observation (15) but is in apparent conflict with another report that 15 mM K ϩ was moderately effective in the presence of 5 mM glucose and elicited a desensitization of secretion, a typical feature of a depolarizing secretagogue (30, 39) . However, in the latter study rat islets were used, which are known to have a higher glucose sensitivity than mouse islets (21, 40) . Taking into account that in our experiments 22.5 mM K ϩ had a clear stimulatory effect in the presence of 5 mM glucose, whereas the secretory response to 10 mM glucose was enhanced by both 15 and 22.5 mM K ϩ , the most likely explanation is that the higher glucose sensitivity of rat islets causes a left shift of the K ϩ concentration dependency. The initial secretory response to a strong K ϩ depolarization is widely believed to correspond to the first phase of glucoseinduced secretion (29, 35) . The common mechanism consists of the depolarization-induced Ca 2ϩ influx, which has been proposed to be the main driving (triggering) force during this phase (16, 28) . However, there is a clear dissociation between the K ϩ concentration dependency of the depolarizing strength on one side and that of the initial insulin release on the other side (Fig. 9) . Interestingly, such a supralinear response to a depolarization has also been noted with capacitance measurements of exocytosis (13, 27) . Since the Ca 2ϩ influx via voltagedependent channels will approach a saturation at strong depolarizations, additional mechanisms (e.g., the mode of interaction between Ca 2ϩ channels and secretory granules) may be required to explain this phenomenon (26) .
Our observation of a slowly progressive decline in secretion may seem at odds with earlier observations that, in the presence of 40 mM K ϩ , 16.7 mM glucose caused a slow increase in secretion, which was regarded to correspond to the secondphase response (35) . Such a sustained secretory response to glucose in the presence of a strong K ϩ depolarization is possible but requires a compensatory decrease in the NaCl concentration (see below). The first-phase response to 10 mM glucose was diminished when the preexistent depolarization was strong enough to elicit a continuously elevated rate of secretion, i.e., in the presence of 22.5 but not 15 mM K ϩ (Fig.  1) . Such a reduction of the first-phase response was also reported when the stimulatory glucose concentration was preceded not by a low but by a substimulatory glucose concentration (17) . However, in clear contrast to the effects of high K ϩ , the diminished first-phase by subthreshold glucose was followed by a time-dependent increase in the second-phase response (17) . As hypothesized earlier, it appears that a stimulation of insulin secretion without concomitantly increased nutrient availability induces a time-dependent inhibition, whereas the opposite is true for nutrient stimuli (24) .
The response to tolbutamide in the presence of a preexistent K ϩ depolarization was characterized because tolbutamide mimics the glucose-induced K ATP channel closure but is not a ␤-cell nutrient. Fifty micromolars tolbutamide is about halfmaximally effective, and 500 M is the maximally effective concentration for K ATP channel closure via SUR1 (2, 42) . In contrast to glucose, tolbutamide was not even able to transiently increase the secretion in the presence of 40 mM K ϩ . Similarly, no increase in secretion by tolbutamide was observed when the preexistent K ϩ depolarization was accompanied by a compensatory reduction of the NaCl content, which is in apparent conflict with a report that maximally effective concentration of glibenclamide (4 M) further increased insulin secretion during a strong K ϩ depolarization (10). The latter observation was regarded to support the notion that sulfonylureas exert a K ATP channel-independent effect via binding sites on the secretory granules (8, 11) . Similarly, the recent report that the cAMP-binding protein Epac2 mediates a K ATP channel-independent insulinotropic effect of sulfonylureas, including tolbutamide (41), suggested a different result. The most likely reason for the discrepancy may lie in the lower K ϩ concentration (30 mM) in the earlier study (10) , which is clearly less effective than 40 mM with respect to both stimulation and inhibition of secretion (see Fig. 1 ). Nonetheless, a moderate K ATP channel-independent effect of tolbutamide on insulin secretion could be verified (see below).
In the presence of tolbutamide, washout of 40 but not 15 mM K ϩ was followed immediately by a transient increase in secretion. Apparently, the continuous decline of secretion in the presence of 40 mM K ϩ is not due to an exhaustion of releasable granules by the high initial rate of secretion. Of note, the size of this "off-effect" was strongly dependent on the tolbutamide concentration. This suggests that the prolonged strong K ϩ depolarization exerts an inhibitory effect that cannot be bypassed by the stimulatory effect of tolbutamide. Since (2) of exposure to 40 mM KCl with compensatory lowered NaCl (105 mM) and 35 mM choline chloride added. Then, a further 10 min of exposure to either 10 mM glucose (3) or 500 M tolbutamide (4) followed. After exposure to 10 mM glucose, but not after exposure to 500 M tolbutamide, the ATP content had increased marginally (*P ϭ 0.059; unpaired t-test) and the normalized ATP/ADP ratio significantly (**P ϭ 0.025; 1-sample t-test) vs. the corresponding control values, i.e., after 10 min of incubation. Values are means Ϯ SE of 9 experiments each. A: freshly isolated islets were perifused with Krebs-Ringer medium containing 5 mM glucose for 90 min, and then 500 M tolbutamide was additionally present for another 50 min. From 60 to 120 min the K ϩ concentration in the medium was raised from 5.6 to 40 mM without the Cl Ϫ concentration being changed. This was achieved by using K ϩ citrate () and adjusting the pH value with KOH. For comparison, the corresponding data set without addition of K ϩ citrate is shown (dotted line; same data as shown in Fig. 2A ). The secretion rate was significantly higher from 110 to 120 min in the presence of citrate. B: the same perifusion protocol was used to measure [Ca 2ϩ ]e). C: freshly isolated islets were perifused with Krebs-Ringer medium containing 5 mM glucose for 90 min, and then 500 M tolbutamide was additionally present for another 50 min. From 60 to 120 min the K ϩ concentration in the medium was raised from 5.6 to 40 mM. Concomitantly, the Na ϩ concentration was lowered and replaced by an equimolar concentration of choline without the Cl Ϫ concentration being changed. This was achieved by using choline citrate () and adjusting the pH value with KOH. For comparison, the corresponding data set without addition of K ϩ citrate is shown (dotted line; same data as shown in Fig. 3B ). The secretion rate was significantly higher from 110 to 120 min in the presence of citrate. D: the same perifusion protocol was used to measure [Ca 2ϩ (12) . This fits with our earlier measurements of [Ca 2ϩ ] I , where the Fura ratio in the presence of 40 mM KCl was constantly higher than in the presence of 15 mM KCl (15) . In the time scale of insulin secretion the Ca 2ϩ channel inactivation is a fast response, occurring within a few milliseconds during voltage clamp experiments (12) . When intact islets were depolarized by a very high K ϩ concentration (75 mM), this led to a biphasic [Ca 2ϩ ] i response, a transient increase of up to 1 M, which took about 200 s and was followed by a steadystate elevation of about 0.4 M (25). The transient phase was ascribed to Ca 2ϩ channel inactivation. This kinetic fits with the partial decline immediately following the initial peak of secretion, which was seen in all of our perifusion experiments. So, the first phase-like response to K ϩ depolarization may at least partially result from the balance between the driving forces of Ca 2ϩ influx on one side and the velocity and extent of Ca 2ϩ channel inactivation on the other side. The compensatory reduction of the Na ϩ concentration during perifusion with 40 mM K ϩ , which is common practice for many groups in the field (7), enabled a sustained secretory response to glucose. This may be taken as evidence that the above-described inhibition is caused by the hyperosmolarity of the medium. Since volume regulation has been implicated in the regulation of insulin secretion and since extracellular hypoosmolarity was described to be stimulatory (3, 4, 34) , such a mechanism would appear to be plausible. But in view of the marked and sustained secretory responses to 10 mM glucose, when the Na ϩ -reduced perifusion medium was made hyperosmolar by the addition of 35 mM choline chloride or 70 mM mannitol, this explanation now seems unlikely. Since no insulinotropic effect of tolbutamide could be evoked by Na ϩ reduction, an activated nutrient metabolism seems to be a necessary precondition for the secretory response. This assumption is supported by the increase of adenine nucleotides by glucose but not tolbutamide under this condition. Remarkably, choline chloride led to a complete inhibition of secretion when tolbutamide was present, virtually the same pattern as seen without Na ϩ reduction (compare Fig. 2A with Fig. 3B ) Since ␤-cells are equipped with chloride-cation cotransporters (31) , the increased concentration of chloride anions could play a role in the inhibition by 40 mM KCl.
The different effect of Na ϩ reduction on glucose-and tolbutamide-induced secretion was not paralleled by different degrees of plasma membrane depolarization. Although Na ] i under this condition, making straightforward explanations such as a slowing or reversal of the Na ϩ /Ca 2ϩ exchange less likely (18) . Rather, the elevation of the glucose concentration was followed by a moderate transient decrease in [Ca 2ϩ ] i , which is suggestive of the activation of energy-consuming Ca 2ϩ extrusion mechanisms like sarcoendoplasmic reticulum Ca 2ϩ -ATPase pumps (1) or plasma membrane Ca 2ϩ -ATPases (18) . This fits with the above-mentioned increase of ATP and the ATP/ADP ratio by the elevated glucose concentration but not by the addition of 500 M tolbutamide.
A possible mechanism by which Na ϩ reduction and ATP dependency are linked in restoring the response to glucose consists in the regulation of the cytosolic pH value. It has been shown that the reduction of the extracellular Na ϩ concentration counteracts the pH-mediated inhibition of insulin secretion by phenytoin. Interestingly, the phenytoin effect strongly impaired the insulinotropic effect of high K ϩ despite a persistent increase in the [Ca 2ϩ ] i (23) . The ATP dependency may involve the ATPase of the insulin granules, the activity of which is required for the granule acidification. The link between Na ϩ and H ϩ concentration is given by the Na ϩ /H ϩ exchange and the Na ϩ -dependent HCO 3 Ϫ /Cl Ϫ exchange at the ␤-cell plasma membrane (22, 32) .
The use of citrate was originally intended to generate a medium with a high K ϩ concentration but unchanged Na ϩ and Cl Ϫ concentrations to test the above hypothesis that changes in chloride transport are involved in the progressive decrease in secretion. It quickly turned out that the complexation of the free Ca 2ϩ concentration in the medium was stronger than anticipated, resulting in a massive decrease by more than 90%. Despite this, the steady-state [Ca 2ϩ ] i during depolarization by 40 mM K ϩ was still above prestimulatory levels, albeit clearly diminished vs. control. This had only a minor effect on the initial secretion peak, but the progressive decrease in secretion was halted, and tolbutamide produced a moderate transient increase. Since the latter effect was not paralleled by an increase in [Ca 2ϩ ] i , it may result from a K ATP channel-independent action. This secretion pattern could be reproduced with EGTA buffering. Although a contribution of Cl Ϫ trans- Fig. 9 . Dissociation between the depolarizing effect (}) of the extracellular K ϩ concentration and its effect on the initial insulin secretion (OE and ). The initial insulin secretion was defined as the area under the curve during the first 10 min of perifusion (perifusion data as shown in Fig. 1 ). The depolarization of the plasma membrane potential was calculated according to the Goldman-HodgkinKatz equation. The close coincidence between calculated and measured depolarization values has been shown previously (Ref 15) . In contrast to the depolarization, the initial insulin secretion does not show saturation within the tested concentration range; rather, the curve fit follows an exponential growth function. The compensatory reduction of the NaCl content of the medium to keep isoosmolarity during perifusion with 40 mM KCl (OE; area under the curve from data in Fig. 3A) did not affect the initial secretion.
port cannot be excluded, these experiments suggest that the continuous elevation of [Ca 2ϩ ] i is a decisive precondition for the slowly progressive inhibition of secretion. However, conventional Fura measurements do not reflect Ca 2ϩ levels in the micro-or nanocompartments known to exist between Ca 2ϩ channels and secretory granules (26) , and thus a role for Ca 2ϩ channel inactivation beyond the fast decline of secretion during the first few minutes of depolarization should not be ruled out.
The increase in [Ca 2ϩ ] i by 15 mM K ϩ , which did not induce a desensitization, was confirmed to be inferior to that by 40 mM K ϩ (15) . So, more precisely, it is the [Ca 2ϩ ] i increase by a strong but not a moderate K ϩ depolarization in the presence of a nonstimulatory glucose concentration that induces the desensitization. These considerations give rise to the hypothesis that the difficulty in identifiying those insulinotropic signals of nutrient secretagogues that bypass the plasma membrane depolarization (amplifying signals) may be related to the use of experimental protocols employing a prolonged strong K ϩ depolarization.
